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Structural Behaviour of Self·Piercing Riveted
Connections in Steel Framed Housing
Stephen Moss' and Mahen Mahendran2

Abstract

Self-piercing riveting involves the joining of two or more plates by using a rivet to pierce and clinch
in a single operation. There is a distinct lack of information regarding the use of self-piercing
riveted connections in cold-formed steel frames. Experimental research is being undertaken to
investigate the structural behaviour of self-piercing riveted connections used in steel framed
housing. To date, testing has been carried out on 0.75 mm to 1.15 mm G300 steels to determine the
primary failure modes for self-piercing riveted connections and also to assess the applicability of
standard single point lap shear tests to actual house frame connections used in the building industry.
In the lap shear tests, the observed failure modes were similar to those found for screwed or bolted
connections, with patterns emerging for the behaviour dependent on sheet thickness combinations.
In the plate-stud joint tests, reduced rivet rotation and increased bearing failure was observed.
Further investigation is required into the observed failure modes, for other connection geometries
and different grades of steel. This paper presents the details of this research on self-piercing riveted
connections and the results to date.
Introdnction

The use of cold-formed steel frames for housing is increasing in Australia and around the world due
to their many advantages. These advantages include strength, stability, predictability, economy and
termite resistance. However, the current market share of steel framed housing in Australia is
approximately 7% of total housing market compared with about 20% in other countries. A market
research on the use of steel framed housing in Australia was undertaken by Duckwitz (2000). This
research identified a distinct lack of information regarding the use of self-piercing riveted
connections in steel frames, in terms of structural behaviour and design methods.
Designs of cold-formed steel structures in Australia are required to conform to the AustralianINew
Zealand Standard ASINZS 4600 (SA, 1996). Section 5 of this code deals with connections in coldformed steel structures. This section is based on Part N of the equivalent standard from the United
States, the AISI Specification for the design of Cold-Formed Steel Structural Members (AISI,
1996). Both of these codes prescribe specific design requirements for screwed, bolted and welded
connections in cold-formed steel structures, however neither specifically mention self-piercing
rivets. While the codes do not mention self-piercing rivets specifically, the design of structures
using this technology is not excluded.
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Henrob Pty Ltd has been involved with developing innovative fastening technologies for joining
thin materials for more than 15 years. Henrob self-piercing rivets are used for connections in a wide
number of applications in the building and automotive industries. Self-piercing riveted connections
provide many advantages including: reduction in assembly time (high speed fastening), flexibility
in manufacturing, portability and high strength. Self-piercing riveting involves the joining of two
or more plates by using a rivet to pierce and clinch in a single operation free of sparks, fumes and
noise. The process can be fully automated in robotic assembly lines. Figure 1 shows sections of a
rivet connecting two plates of different thicknesses.

(a) Rivet set in plates of unequal thickness

(b) Exploded view of rivet, top plate, slug and
bottom plate

Figure 1. Self-Piercing Riveted Connection
Behaviour of Conventional Fastening Systems

Conventional connections including screwed and bolted connections can be designed by using
direct formulae applicable from AS/NZS 4600 or the AISI design codes. Extensive research has
been undertaken over the years to document the structural behaviour and failure modes of these
connections.
For bolted connections under shear loading, four failure modes are typically identified (Hancock,
1998), and form the basis of the design requirements found in both the Australian and American
design standards for cold-formed steel structures. These failure modes are longitudinal shearing of
the plate (tear-out), bearing failure of the plate, tensile failure of the net plate cross-section and
shear failure of the bolt (see Figure 2).
Extensive studies of bolted connections in thin sheet steels have been carried out recently in
Australia (Rogers and Hancock, 1998, 1999,2(00). These studies found that for 0550 and 0300
steels less than 1.0 mm thick, the provisions of the Australian and American cold-formed steel
codes could not be used to accurately predict the failure modes of bolted connections in shear. It
was found it was necessary to include allowances for varying bearing resistances of the plates as the
steel became thinner. It is anticipated that similar phenomenon will be found in the case of selfpiercing rivets. However, riveted connections are fundamentally different to bolted connections in
that they alter the physical properties of the plate material at the rivet location. In a bolted
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connection, the hole for the bolt is pre-drilled. Self-piercing rivets are punched directly into the
solid plate material, deforming both the rivet and the plate in a controlled manner through the use of
the upset die. These deformations cause strain-hardening effects in the plate material at the rivet.
The effects of these deformations possibly have influence on the structural strength of self-piercing
riveted joints.

(al 1Carout failure of sheet ('l'ypc D

(b) Bearing failure of sheet material CI\rpe

m

(el Thnsion failure of net section CI'ype III)
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(d) Shear failure of bolt ('l)pc IV>

Figure 2. Failure Modes of Bolted Connections (Hancock, 1998)
A recent study found that a finite element model could be used to adequately predict bearing
failures in bolted steel connections (Chung and Ip, 2000). However, the findings of this study
concurred with Rogers and Hancock (1998, 1999, 2000), that both the current Australian and
American design codes did not accurately predict the behaviour of connections with thin, high
strength steels with low ductility.
In Australia, extensive testing of screwed connections in steel sheets has been carried out by
Macindoe and Pham (1994). The results of this testing, and earlier studies in the United States
(Pekoz, 1990) formed the basis of the design rules for screwed connections in ASINZS 4600.
Recent studies in Australia (Rogers and Hancock, 1998) have further tested the provisions of
ASINZS 4600. These studies found that only a limited number of test cases resulted in different
failure modes to those predicted by ASINZS 4600. However, it was also found that the ability to
predict bearing failures diminished as the difference in thicknesses of sheets being connected
increased.
A distinctive mode of failure for screwed connections is 'pull-over' failure. 'Pull-over' failures
occur in shear loadings. The screw pulls out of the plate material as it rotates due to the eccentricity
of the plate shear (Pekoz, 1990). This rotation is illustrated in Figure 3. Rogers and Hancock
(1998) found that this pull-over effect was more predominant when the connected sheets were of
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equal thicknesses. As the difference in thicknesses increased, failure was more likely to occur due
to bearing failure of the thinner sheet.

Figure 3. Rotation of Screwed Connection Under Shear Loading (Hancock, 1998)
It was anticipated this type of failure would be dominant in self-piercing riveted connections. Selfpiercing rivets are made from hard-drawn wire and are therefore very dense and hard in comparison
to the surrounding material. It is unlikely rivets will fail in direct shear.

Behaviour of Self·Piercing Rivets

Extensive testing of self-piercing riveted connections has been carried out by Henrob Pty Ltd, and
many of their customers over the past 10 years, but generally with regard to specific individual
applications. Much of this testing has focussed on the use of rivets in the automotive industry, in
both steel and aluminium base materials.
Limited research literature is available with regard to the use of self-piercing rivets in residential
steel framing. Self-piercing rivets are yet to be incorporated into Australian or American coldformed steel design codes. Recent research in conventional connection design and behaviour has
highlighted deficiencies in current design standards for connections with regard to bearing design
and the ductility of high strength steels.
One test program has been carried out by the CSIRO on self-piercing riveted connections in light
gauge steel (Macindoe and Pham, 1993). The report on this test program presented test data,
including the failure loads and failure modes of each test. However, the test program conducted
was limited in that only small sample sizes of particular configurations were tested. No predictive
design strength equations were formulated based on these test results.
Failure modes that were identified in the testing program for connections under shear loading were:
1. Tilting of the rivet with bearing failure of the rivet head
2. Tilting of the rivet with bearing failure of the plate material
It is noted that this tilting (or rotation) failure mode is similar to that described previously for
screwed connections. It may then be hypothesised that the predictive equations for screwed
connections could form the basis for the predictive behaviour of self-piercing rivets.
As noted above, extensive studies have been undertaken in the past to document the structural
behaviour of bolted and screwed connections in cold-formed steel structures. These studies have
resulted in the inclusion of specific design guidelines for these connections in ASINZS 4600-1996
cold-formed steel structures code. Studies 011 self-piercing riveted connections in the past have
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been limited to physical tests for the purposes of determining load capacities, without extensive
research into the failure modes and fundamental structural behaviour of these connections.
Therefore a detailed research program is being undertaken at Queensland University of Technology
to investigate the structural behaviour of self-piercing riveted connections as used in steel building
frames. This paper presents the details of the research program and the test results obtained to date.

Test Program
To date, two sets of structural tests have been carried out on self-piercing riveted connections. The
first series of tests was carried out on lap samples of similar material, with a single point fastener
under shear loading. The second series of tests was carried out on typical plate-stud connections
used in wall frames.
The purpose of these tests is to identify typical failure modes for self-piercing riveted connections,
and to determine the applicability of single point lap shear tests to actual housing frame
connections. It is anticipated that the actual connections will not achieve equivalent loads to the
single point lap shear tests, due to the different connection geometry.

Shear Tests With Single Point Fasteners
Single point fastener shear tests were conducted in accordance with the provisions set out in
Appendix G of ASINZS 4600 - Standard Tests for Single Point Fastener Connections. A typical
single point shear specimen is shown in Figure 4. A total of 27 shear tests were carried out. Three
thicknesses of G300 plate were used in the tests: 0.75 mm, 0.95 mm and 1.15 mm base material
thickness. Three samples of every combination of each thickness sheet on top and bottom were
tested, each with a single 5mm diameter rivet fastener typically used in steel house frame
applications. The joints were tested to failure by displacement controlled loading.

Load . -

0

II

~Om:1

Load . -

II

50mm

I

I

-.Load

-.Load

Figure 4. Single Point Lap Shear Test Set-up

Plate-Stud Connection Tests
The plate-stud connections were fixed with one rivet per flange (two rivets total). The test material
was as per the lap shear tests, formed in nominal 75 mm by 38 mm stud and plate sections. The
typical test connection set-up is illustrated in Figure 5. The test rig was developed to simulate a
plate-stud connection in a tied down wall frame. The plate was bolted to the test rig at 600 mm
centres, and the web of the stud was offset from one tie down point by 50mm. The tie down
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consisted of 10 mm bolts with a 65 rom x 35 mm x 6 mm plate washer at each end. The joints were
tested to failure by displacement controlled loading. The load was applied and measured in the
plane of the stud web.

Load

End View
Elevation

Stud

.vet each side

Plate

IE 6oommbetweentiedown~1
Figure 5. Typical Plate-Stud Connection Test Set-up
A total of nine plate-stud connections were tested, covering all combinations of joint configurations
using 0.75 mm, 0.95 rom and 1.15 rom G300 plates and studs. Each joint was fixed with one 5 mm
diameter self-piercing rivet to each flange, giving a total of two rivets per connection.

Results
Single Point Shear Connections
Figure 6 shows the riveted connection failure modes identified in the shear tests. The average
failure loads, standard deviations and failure modes for the lap shear tests are shown in Table 1.
The standard deviations show that consistent results were obtained for the connections with the
thinner sheets.
Connections with the 1.15 rom BMT material showed greater deviation in the results. The failure
modes are generally consistent with those anticipated. As stated previously, rotation of the fastener
was the main mode of failure leading to tearing failures of the top sheet and bearing failures of the
bottom sheet. These can be seen in Figure 6.
The failure modes listed for each load combination in Table 1 indicate the order of failure mode
induced. It can be seen that for all combinations except one, rivet rotation (RR) signalled the
beginning of failure of the connection. Also, all combinations exhibited tearing of the top sheet
around the rivet head (TTRH) in the late stages of failure. Some of these TTRH failures are the
critical failure mode, while others only occurred after the peak: load had been reached.
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(a) Rivet Rotation (RR)

(b)

(c) Tearing of Top Sheet Around Rivet Head
(d) Tearing of Rivet Upset at Bottom Sheet
(TTRH)
(TRUB)
Figure 6. Failure Modes of Self-Piercing Riveted Connections

Top
Sheet
(mm)
0.75
0.95
1.15
0.75
0.95
1.15
0.75
0.95
1.15

Bottom
Sheet
(mm)
0.75
0.75
0.75
0.95
0.95
0.95
1.15
1.15
1.15

TabilL
e
ap Shear Test Resu Its ~or G300 Stee s
Average
Load-Disp.
Standard
Failure
Shown in:
Deviation
Load (kN)
4.77
0.02
Figllre 7
Figure 8
0.05
5.68
6.02
Figure 9
0.20
5.27
Figure IO
0.11
5.93
0.14
Figure 11
0.07
Figure 12
6.40
4.70
Figure 13
0.23
6.62
0.04
Figure 14
6.78
0.35
Figure 15

Failure Modes
RR,TRUB,TTRH
RR,BB,TTRH
RR,BB,TTRH
RR,TTRH
RR,TRUB,TTRH
RR,BB,TTRH
TTRH
RR,TRUB,TTRH
RR,TRUB,TTRH

Plate-Stud Connections

The failure loads and modes for the plate-stud tests are shown in Table 2. An additional column is
included in the table to show the equivalent 'load per rivet' achieved by the connection. The failure
modes are consistent with those of the lap shear tests for the same material, however the degree of
rotation of the rivets was less in the plate-stud tests than the lap shear tests. In comparing lap shear
and plate-stud tests, 'plates' are equivalent to the 'top' sheet of a lap shear test, and 'studs' are
equivalent to the 'bottom' sheet of a lap shear test. This is because the rivets are set into the
material from the outside of the frame, ensuring the head of the rivet is always on the 'plate' side of
the connection.
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Table 2 Plate-Stud Connection Test Results for G300 Steels
Plate
Stud
Total
Failure
Failure Modes
Load-Disp.
Thickness Thickness
Failure
Load 'Per
Shown in:
(mm)
(mm)
Load (kN) Rivet' (kN)
0.75
0.75
8.46
4.23
Figure 7
RR,TRUB,TTRH
10.25
0.95
0.75
5.13
Figure 8
RR,BB,TTRH
0.75
9.81
4.91
Figure 9
BB
1.15
0.75
0.95
8.31
Figure 10
4.16
TTRH
0.95
0.95
11.13
5.57
Figure 11
RR,TRUB,TTRH
1.15
0.95
11.61
5.80
Figure 12
RR,BB,TTRH
0.75
1.15
8.64
4.32
Figure 13
TTRH
12.45
Figure 14
RR,TRUB,TTRH
0.95
1.15
6.23
RR,TRUB,TTRH
1.15
13.18
6.59
Figure 15
1.15

Discussions
Failure Modes
These tests have shown different failure modes of the connections depending on the thickness
combinations of the sheets used in each connection. From of the failure modes listed in Table 1 for
the various combinations the following may be stated for self-piercing riveted connections in G300
steels loaded in shear:
•

•

•

For connections where both sheets are the same thickness the rivet will rotate (RR), leading to
tearing of the rivet upset (TRUB) and the top sheet around the rivet head (TTRH) at
approximately the same time.
For connections where the top sheet is thinner than the bottom sheet, the rivet upset (bottom
sheet) is less likely to break, and the main failure mode will be top sheet tearing around the rivet
head (TTRH) as the rivet rotates (RR).
For connections where the top sheet is thicker than the bottom sheet, bearing failure of the
bottom sheet (BB) is likely to occur after the initial rivet rotation (RR), followed by tearing of
the top sheet (TTRH) as the bearing surface of the bottom sheet builds resistance.

The dominant rotational behaviour shown by the riveted connections is similar to that of screwed
connections. However, net section failures of the sheet and shearing of the fastener, two failure
modes found in bolted connections, were not found to be critical for any of the riveted connections
tested. This suggests that self-piercing riveted connections are more similar to screwed connections
than bolted connections in their behaviour under shear loading.
Comparison of results from Tables 1 and 2 shows that the failure modes of the plate-stud
connections are consistent with those of the shear samples. However, there are differences in the
load capacity of the two connections on a per rivet basis. This maybe attributable to differences
between the two types of tests, mainly with respect to rivet rotation. The degree of rotation of rivets
in the plate-stud tests is less than for the lap shear tests, especially in cases where there is high
difference between the thickness of the top and bottom sheet (or plate and stud). Of special note is
the 1.15 mm plate to 0.75 mm stud test where the failure was pure bearing failure of the 0.75 mm
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sheet, with only the smallest degree of rivet rotation. In the corresponding lap shear test, there was
significant rotation leading to tearing of the 1.15 mm sheet around the rivet head in the final stages
of failure. The failure load capacity for the plate-stud connection was only 82% of the shear
connection capacity on a per rivet basis. This reduced degree of rotation is due to the symmetry of
the stud cross section not allowing as much differential movement between the flanges of the plate
and stud.
Load-Displacement Curves

Figures 7 to 15 show load-displacement curves for the nine connection combinations tested. The
solid curves represent the three lap shear tests for each combination, and the dashed curves
represent the plate-stud test for each combination. The plate-stud curves have been adapted to
represent 'load per rivet', i.e. the actual load reading has been halved for the purpose of direct
comparison.
The general components of the curves are consistent throughout all connection combinations for the
lap shear tests. There is firstly an elastic phase, which is approximately linear. This is followed by
a plastic deformation phase which for most cases involves rotation of the rivet leading to either
tearing of the rivet upset (TRUB) or the top sheet around the rivet head (TTRH). This section of the
curve is the flatter part at the top. The third phase is the post failure phase, where the
tearing/bearing failures propagate through the sheet and the connection experiences severe
deformation.
Figures 7, 10 to 12, 14 and 15 show combinations which have a reasonably flat section in the plastic
phase. This indicates the deformation of the connection as the rivet rotates, but without losing
strength. Eventually, as either the bottom or top sheet fails (always the thinnest), more load is
transferred through to the other sheet. This then initiates the post failure phase, which 'trails away'
as the top sheet peels around the rivet head. This post failure behaviour can be seen by observing
that the final failure mode for all combinations is TTRH (Tables 1 and 2).
Figure 13 shows the load-displacement curve for the 0.75 mm top sheet to 1.15 mm bottom sheet
connections. The lap shear connections for this combination have 'wavy' sections in the plastic
phase. This indicates a trading off of load between the top and bottom sheets as the thinner top
sheet begins to yield. The post failure curve is smooth, trailing off as the top sheet tearing
propagates.
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Figure 8. Load-Displacement Curves for 0.95 mm to 0.75 mm Connections
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Figures 8 and 9 show load-displacement curves where the load increases significantly through the
plastic phase. In both cases the top sheet is at least as thick as the bottom sheet. The increase
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through the plastic phase is due to the bearing resistance of the bottom sheet. As the rivet bears
through the bottom sheet, more material builds up behind the rivet, thus giving greater resistance
and increasing load. Eventually the load becomes too much for the top sheet and the top sheet
yields suddenly, leading to a steep decrease in the load in the post failure phase. This flattens out as
the top sheet tearing propagates.
The shape of the load-displacement curve for the plate-stud connections is consistent through the
elastic and the initial plastic phase prior to failure. The gradient of the elastic phase is much less
than for the lap shear tests due to the plate bending deformations in the initial loading stages. There
is less of hardening for the plate-stud tests; once the material yields, the failure load has been
reached. The post failure phase shows staged failures, with the load trading off between one flange
and the other as each side fails. This is seen as 'steps' in the post failure curves.

Plate Bending Effects
It was anticipated that plate bending would have an effect on the strength of the plate-stud
connections relative to the strength of the lap shear connections. As the connection was loaded,
bending would induce tensile forces in the outer edg~, of the plate flanges at the connection,
weakening the 'top sheet' of the connection. However, there were no direct failures as a result of
this in this test series. This could be due to a number of reasons. Firstly, only one rivet per flange
was used. In previous testing (Moss and Mahendran, 2001), it has been found that for two rivets
per flange with short edge distances of less than 10 mm, tensile failure of the plate flange was the
critical failure mode. The edge distances for the rivets in this test series were approximately 17
mm. Secondly, this test series considered G300 steel only. This is very ductile and even if the plate
flanges yielded, they may not fracture. The previous testing where fractures occurred used less
ductile G450 steel.

Tabl e 3 Comparlson 0 fL ap Shear and PI ate- Stud Test R esuIts ~or G300 Connectlons
LoadFailure Load (kN)
Top
Bottom
Disp.
Sheet
(2)/(1)
Sheet
Lap Shear
Plate-Stud
Shown
(mm)
(mm)
(1)
(2)
in:
Figure 7
0.75
0.75
4.77
4.23
0.89
Figure 8
0.95
0.75
5.68
5.13
0.90
Figure 9
1.15
0.75
6.02
4.91
0.82
Figure 10
0.75
0.95
5.27
4.16
0.79
Figure 11
0.95
0.95
5.93
5.57
0.94
Figure 12
1.15
0.95
6.40
5.80
0.91
Figure 13
0.75
1.15
4.70
4.32
0.92
Figure 14
0.95
1.15
6.62
6.23
0.94
Figure 15
1.15
1.15
6.78
6.59
0.97
Table 3 shows a comparison of the shear capacities achieved using the lap shear tests and plate-stud
tests. This information is also shown in Figure 16, which includes a line of best fit, assuming there
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is a linear relationship. This gives the possibility of using a reduction factor of 0.90 to obtain platestud connection capacities from lap shear capacities.
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Figure 16. Comparison of Lap Shear and Plate-Stud Strength Values Per Rivet
Conclusions

There is an urgent need for data on the strength and structural behaviour of self-piercing rivets in
cold-formed steel connections. This paper has outlined the current design standards and failure
modes for conventional screwed and bolted connections. Tests on G300 steel connections have
revealed that riveted connections behave more similarly to screwed connections than bolted
connections when tested under standard lap shear conditions. Distinct failure modes have been
identified for self-piercing riveted lap shear connections. Similar failure modes have also been
found in plate-stud tests, however, there are differences including lower degrees of rivet rotation
leading to increased bearing failures and lower shear capacities. It is also proposed that a reduction
factor may be applicable to compare lap shear and plate-stud connection test results. Further
investigation is required into the effects of connection geometry, different numbers of rivets, and
the grade of steel on joint strength and failure modes.
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